We present optical slot antennas and their applications to photonic devices. We show that metallic nanoslots have the properties of a slot antenna by measuring the transmission spectra and far-field radiation patterns and then prove that they can be physically regarded as magnetic dipoles in the optical region. Additionally, we can generate directional radiations from optical slot antennas by adopting the geometry of radiofrequency Yagi-Uda antenna and properly adding auxiliary elements called reflectors and directors to a single slot antenna. We present two cases as the applications of optical slot antennas. One is the integration of slot antennas to plasmonic waveguides. This combination can be used as a basic unit for optical interconnection to free space and plasmonic via in multilayered plasmonic structures. The other is the integration of slot antennas to the electrode of light-emitting diodes (LEDs). Using slot antennas, we can control the polarization and direction of emissions from LEDs. Besides the above-mentioned two cases, we expect that optical slot antennas have possible applications to various photonic devices and can be essential elements in future integrated photonic circuits with nanometer scales.
Introduction
In recent days, optical antennas have attracted the attention of many researchers because of their various physical properties and application possibilities in nanophotonics [1] [2] [3] [4] [5] . Similar to radiofrequency (RF) antennas, optical antennas, which operate in the visible and near-infrared (NIR) frequency regions, can pick up energies efficiently from propagating electromagnetic (EM) waves at the frequencies of interest and transfer EM energies from one point to another [6] [7] [8] . In real applications, RF antennas are usually used as wave transmitters or receivers. However, we cannot produce optical EM fields, which are fundamentally light, from optical antennas, as we generate radiowaves from antennas in the RF region by oscillating electrons in metal rods. Therefore, optical antennas should interact with light preexisting in the surrounding environment [9] . Since mid-2000, various researchers have proven that the interactions of optical antennas with free light shows the same properties as RF antennas. The representative characteristics of optical antennas are resonances, polarizations, and well-defined far-field radiations [10] [11] [12] . Recently, the first electrically operated optical antennas fabricated using gold nanowires and nanospheres using nanotechnologies such as nanopatterning and nanomanipulation were reported by Kern et al. [13] , Kullock et al. [14] , and Dorfmuller et al. [15] .
The earliest studies on optical antennas have dealt with rod-type antennas because the geometry of metallic rods is directly analogous to RF antennas, and we can analyze the properties of metallic nanorods more conveniently by adopting and comparing the properties of RF antennas [15] [16] [17] [18] [19] . However, in real applications of RF antennas, slot-type antennas are widely used due to their practicality [20, 21] . At this time, we have two considerations concerning optical slot antennas. One is that metallic nanoslots have the properties of antennas similar to metallic nanorods, and they can be regarded as optical slot antennas ( Figure 1 ). The other is that optical slot antennas have the advantage of higher applicability than optical rod antennas, similar to RF slot antennas in the RF region. In 2014, we have proven experimentally that metallic nanoslots show the properties of optical slot antennas [22] . Here, we present precise experimental data on the resonance, polarization, and bidirectional far-field radiation as proofs that metallic nanoslots are optical slot antennas. By extending our results to Babinet's principle in the optical region, we show that an optical slot antenna can be regarded as magnetic dipoles just as optical rod antenna can be regarded as electric dipoles in the optical region [23] . Additionally, we manufactured optical slot Yagi-Uda antennas that change the omnidirectional farfield radiation of optical slot antennas to unidirectional radiations [22] . By incorporating optical slot Yagi-Uda antennas in the metal plane, we present the applications of optical interconnection using optical antennas, namely, plasmonic via in multilayered plasmonic circuits and light-emitting diodes (LEDs) with antenna-integrated electrode for controlling the direction and polarization of light emissions [24, 25] .
Optical slot antennas

Metallic nanoslots as optical slot antennas
According to the antenna theory, RF antennas show many characteristic properties depending on their geometry.
Dipole antennas are the most simple and generic type among various kinds of antennas. Dipole antennas have the shape of simple metallic rods and show many characteristic properties based on their geometry. We can determine the three properties of resonance, polarization, and omnidirectional far-field radiation pattern as the representative properties of dipole antennas [20, 21] . As with RF antennas, previous reports on optical rod antennas showed that metallic nanorods have linear resonance between the resonant wavelength and the length of the rods [17] [18] [19] , only one polarization perpendicular to their length [26] [27] [28] , and omnidirectional far-field radiation patterns [29] ( Figure 2 ). Especially, the optical Yagi-Uda antenna as a representative directional antenna was also demonstrated successfully by adding the auxiliary elements that reflect or direct radiation near the optical rod antenna [8, 16, [29] [30] [31] . Besides the above three properties, the field localization and enhancement are worth being commented as the representative property of optical antennas [32, 33] . It is well known that, because of the inhomogeneous field distribution of dipole-like antenna, electric fields (E-fields) are localized at subwavelength volumes near the antenna and changes the radiation decay rate of interacting EM fields. This property has been used in subwavelength highresolution microscopy and sensing.
As we asked in Section 1, can metallic nanoslots operate as optical slot antennas similar to metallic nanorods in the optical region? To answer this question, we should investigate if metallic nanoslots have three representative properties of antennas, which are resonance, polarization, and omnidirectional far-field radiation pattern. In this section, we will present the experimental results of this investigation. First, we fabricated nanoslots with different lengths on an Ag metal plane by focused ion beam [FIB (FEI Helios NanoLab, Hillsboro, OR, USA)] milling method. Because of the oxidation problem of Ag metal, we deposited the MgF 2 layer with 10 nm thickness as the passivation layer on Ag metal. We measured the transmission spectra of the fabricated nanoslots to identify the relation between the length of the nanoslots and the resonant wavelengths, which is called resonance. While measuring the transmission spectra, we also examined the polarization dependence by changing the direction of the incident polarization from parallel to perpendicular to the length of the slots. Finally, we measured the Fourier space images of light transmitted from the fabricated nanoslots to determine the far-field radiation pattern of the metallic nanoslots [34] . To verify our results, we also executed 3D finite-difference time-domain [3D-FDTD Solutions (Lumerical, Vancouver, British Columbia, Canada)] simulation to obtain the transmission spectra and far-field radiation images of metallic nanoslots used in the experiments [35] . By comparing the experimental and simulated data, we concluded that metallic nanoslots have the properties of resonance, polarization, and omnidirectional far-field radiation pattern; therefore, they are optical slot antennas.
Resonance
In metallic nanorods, the peak wavelengths of the transmission spectra increase with their lengths [15, 36] . This phenomenon implies that metallic nanorods have a linear relation between their lengths and the resonant wavelengths of the transmission. Therefore, to increase the efficiency of scattering of incident light by optical rod antennas, we should use nanorods that have lengths that are resonant with the wavelength of interest. To determine if resonance property exists in the case of metallic nanoslots, we fabricated various nanoslots with different lengths from 120 to 200 nm by the FIB milling method, as shown in Figure 3A . By measuring the transmission in front of the fabricated samples, we obtained the spectra shown in Figure 3B (left). By redrawing the peak wavelengths of the measured spectra as functions of the slot length, as shown in Figure 3B (right), we could clearly observe a linear relation between the transmission peak and the slot length, as seen in the case of metallic nanorods. By fitting the data, we arrive at the equation λ = 1.37l + 353.87, where λ and l correspond to the wavelength of the main peak in the spectrum and the slot length in nanometers, respectively. With the help of 3D-FDTD simulation, similar spectra of metallic slots were obtained, as shown in Figure 3C (left). As in the case of the experimental data, the main peaks of the calculated transmission spectra were redrawn as functions of the slot length, as shown in Figure 3C (right). We can see that the two results are very similar to each other, which proves that metallic nanoslots have a linear resonance between their lengths and the resonant wavelengths as metallic nanorods do in the optical region.
Polarization
It is known that optical rod antennas have only one polarization, which depends on the orientation of metallic rods [37, 38] . The E-fields of radiation from optical rod antennas are aligned in the direction of their lengths. To investigate if the scattered radiations from the metallic slots also have only one polarization, we measured the transmission spectra again while changing the polarization direction of the incident light, as shown in Figure 4A . We fixed the slot length of the Ag sample as 145 nm and defined the direction perpendicular to the slot length as 0° of incident polarization. Figure 4B (left) shows the transmission spectra measured while changing the polarization direction of the incident light. The graph shows that the maximum intensities of the transmission decreased as the direction of polarization is changed from 0° to 90°. By redrawing the maximum intensities of the spectra as functions of the polarization angle, as shown in Figure 4B (right), we can see that the graph shows variation in its dependence on the cosine square of the polarization angle. This cosine square dependence can be guessed simply from the vector sum of the E-field components. To verify this, we also executed 3D-FDTD simulation while changing the polarization angle of the incident light, as was performed in the experiment. The simulated results were very similar to the experimental results, as shown in Figure 4C . This implies that metallic slots also have only one polarization perpendicular to their lengths, similar to metallic rods. Using this polarization property, we can distinguish the scattered light from the incident light and excite one slot from among several slots, as presented in Section 3.1.
Far-field radiation pattern
When the geometry of the antenna is given, we can accurately calculate the radiation pattern from an antenna by solving Maxwell's equations. The rod-type RF and optical antennas show omnidirectional radiation patterns that are exactly the same as those of an electric dipole. Based on this result, we can regard rod-type antennas as electric dipoles operating in each wavelength regime. As noted in Section 1, Babinet's principle implies that metallic nanoslots have the possibility of being regarded as magnetic dipoles similar to the case of metallic nanorods. The investigation of far-field radiation patterns from metallic nanoslots is closely related with this possibility, but we will discuss and present the proof for this in the next section.
For measuring far-field radiation patterns from metallic nanoslots, we created a set-up for measuring images in real space and Fourier (momentum) space simultaneously, as shown in Figure 5A . When the laser is incident on the sample stage normally, the objective lens collects the light transmitted through metallic nanoslot. By changing the flipping mirror, we can choose the direction of the transmitted light into an Newton electron multiplying charge-coupled device (EMCCD) (Andor, Belfast, UK) or INFINITY3 (Numenera Corp., Ottawa, Ontario, Canada). The Fourier space image is obtained by an EMCCD because a lens1 has the role of Fourier transformation that changes the light intensity distribution in a real space into a Fourier (momentum) space. On the contrary, a real space image is obtained by a CCD because a lens2 in front of the CCD changes transformed Fourier space image into a real space again. To extinguish far-field radiation pattern transmitted from a metallic nanoslot from the laser incidence, we used a polarizer perpendicular to the slot length in front of the EMCCD. We can interpret far-field radiation patterns measured in Fourier space as follows. When a sample that radiates light is located at the origin of the hemisphere, as shown in Figure 5B , the light from the sample propagates radially and is distributed on the surface of a 3D hemisphere. If the EM field distribution on the 3D hemisphere is projected on a 2D plane of a CCD, the obtained image in the 2D plane corresponds to a Fourier space image of the far-field radiation. Using a lab-made measurement set-up, we obtained the Fourier space image of the far-field radiation from a metallic slot of 145 nm length. Figure 5C shows the measured far-field radiation image of a single slot. The intensity is normalized by its maximum intensity. The measured Fourier space image of Figure 5C was obtained in the top side of the sample, not in the substrate side, as shown in Figure 2C . When the farfield patterns are measured in the substrate side, there is a critical angle where the radiation cannot propagate inside a certain solid angle [39] . In our experiments, far-field patterns were obtained in the upper side (air) of the sample and there is no constraint of critical angle collection. Therefore, field intensities were collected until the solid angle (71.8°) of objective lens with numerical aperture of 0.95. We can clearly see that the far-field radiation pattern of single slot is omnidirectional in the direction perpendicular to the slot length.
Based on the above experimental results of resonance, polarization, and omnidirectional far-field radiation pattern, we can conclude that metallic nanoslots operate as optical slot antennas similar to metallic nanorods in the optical region.
Optical slot antennas as magnetic dipoles
In the RF region, Babinet's principle describes that EM fields radiated from a rod antenna are identical to those from the hole of the rod antenna, which is a slot antenna, except that the E-fields and magnetic fields (H-fields) replace each other [40] . As discussed in the previous section, the measured far-field radiation patterns of metallic slots are exactly the same as those of metallic nanorods. This means that Babinet's principle can be extended to the optical region with some modifications because the Ohmic losses of metal materials are not negligible in the optical region. From the complementarity of Babinet's principle, we can deduce the possibility that metallic slots are regarded as magnetic dipoles in the optical region because it is well known by many researchers that metallic nanorods can be regarded as electric dipoles in the optical region [15, 23] . In this section, we will present experimental proofs of the above possibility, as shown in Figure 6 . To verify the equivalence of metallic nanoslots and magnetic dipoles, we simulated and compared the farfield radiation patterns and field components of a virtual magnetic dipole and Ag slot with 145 nm length at the resonant wavelength of 660 nm using the 3D-FDTD method. We used near-to-far transformation method in FDTD to obtain far-field radiation patterns from the near fields of the FDTD results [41] . The near-to-far transformation was executed at a distance of r = 1 m from the centers of the samples. The calculated far-field radiation patterns are shown in Figure 7 . We plotted (from top left to bottom right) (1) |E | 2 , (2) |E | 2 with an x-polarizer, (3) |E | 2 with a y-polarizer, (4) |E x |, (5) |E y |, and (6) |E z | in the far-field regime. Based on Maxwell's equations, the H-field components can be calculated by considering the curl values of the E-field components. Therefore, we can determine that the H-field components must be parallel to the length of the dipole because the E-field components are perpendicular to its length, as expected from Babinet's principle. The amplitudes of the far-field electric components are |E x | ≥ | E z |  | E y |, and the contribution of the y-component of the E-field to the total intensity is negligible. Therefore, we can see in Figure 7A (1) that the total intensities of the simulated E-fields are exactly similar. Additionally, metallic nanoslots localize H-fields near the edge of slot as metallic nanorods do. As we have commented in Section 2.1, E-fields are localized at the edge of the dipole-like rod antenna. Similarly, we can see that H-fields are localized at the edge of the optical slot antennas, as shown in arrow beside a metallic nanorod shows a virtual electric dipole formed in a metallic rod and the blue curved arrows show virtual E-field lines forming a loop generated by charge distributions in the nanorod. (B) Schematics of optical slot antenna as a magnetic dipole. Green arrow lines represent virtual current loops formed in a nanoslot and the red arrow shows the resultant virtual magnetic dipole due to the current loops. Red curved arrows show virtual H-field lines forming a loop generated by virtual magnetic dipole inside the nanoslot.
Figure 7C [42, 43] . These imply that the metallic nanoslots can be regarded as magnetic dipoles in the optical region.
Generally, optical rod antennas are driven by the E-fields parallel to the antenna's length, as shown in Figure 8A . Similarly, we have driven optical slot antennas by the E-fields, which is perpendicular to the antenna's length in the former experiments. However, if the Babinet's principle is available in the optical regime, it is more natural to drive optical slot antenna by the H-fields parallel to the slot antenna's length, as shown in Figure 8B . In 2016, Lee et al. reported and proved experimentally that the dominant incident components in optical slot antennas are H-fields parallel to the antenna's length, not E-fields perpendicular to the length in accordance with Babinet's principle [44, 45] . They measured the scattered intensities while changing the incident polarization and angles and calculated the ratio of the incident H-field and E-field contributions to the scattered intensities. When the p-polarization is incident to the metallic nanoslot obliquely, the tangential E-fields are very weak and the incident field configuration is very similar to Figure 8B (top). On the contrary, when the s-polarization is incident obliquely, the incident field configuration gets similar to Figure 8B (bottom). From the measured scattering intensities shown in Figure 8C and D, they proved that the scattering intensities for the p-polarization are much higher than those for the s-polarization and the ratio of |I s /I p | corresponds to 1/ | ε(λ) |, where ε(λ) is the relative permittivity of the metal. That means that the contributions of the incident E-field and H-fields to the scattering intensity are in the ratio of 1: | ε(λ) |. Based on these experimental results, we can deduce that optical slot antennas can be regarded as real magnetic dipoles in the optical region.
Optical slot Yagi-Uda antennas
We have known from the above experiments that optical slot antennas radiate omnidirectionally, not unidirectionally. However, unidirectional radiations are important and inevitable in real applications of the antenna for efficient beaming or receiving of light [2, 11, [46] [47] [48] [49] [50] . In the RF region, unidirectional radiations could be obtained by combining Yagi-Uda antennas with a reflector, a feed, and directors [21] . In 2010, Kosako et al. [8] and Hofmann et al. [51] adapted the geometry of RF Yagi-Uda antennas to optical antennas and proved successfully that unidirectional radiations could also be obtained in the optical region as with RF antennas as shown in the Figure 9 . Based on these results, we investigated if unidirectional radiations achieved with rodtype antennas can also be achieved with optical slot antennas and if, consequently, the principle of Yagi-Uda antenna design applies to optical slot antennas.
Slot-slot geometry
Yagi-Uda antennas are made of three components, namely, the reflector, the feed, and the directors. For adapting the geometry of Yagi-Uda antennas to the optical slot directional antennas, we should create multislots by combining the slots. Therefore, we have to study the interaction between the slots or at least between two slots to achieve unidirectional radiations using the Yagi-Uda geometry. For ease of analysis, we focused our study on the interaction between two slots.
To make directionality from multislot antenna, we have to excite only one slot among multislots and reflect or direct dipole radiation generated from the excited slot. This is called feeding in the RF antenna. However, light transmits through both slots in slot-slot geometry when it is incident from the backside of the sample composed of two slots and we cannot excite only one slot. To solve this problem, we rotated one slot by 45°, as shown in Figure 10A [22] . Based on the polarization property of the optical slot antenna wherein only light with polarization perpendicular to the slot length can transmit through the slot and light with polarization parallel to the slot length cannot, we could measure only the light transmitted through the unrotated slot using a polarizer parallel to the length of the rotated slot and placed in front of the slotslot sample. By positioning the polarizer in the direction parallel to the rotated slot, light cannot transmit through the rotated slot and only the unrotated slot can radiate light omnidirectionally. For a given situation, the unrotated slot located on the right side fulfills the role of a feed and the rotated slot located on the left side can work as a reflector or a director depending on its length (L) and distance from the unrotated slot (D). When the phase difference between two slots is π/2, the destructive interference happens because of the wave's round trip. The transmitted waves from the unrotated feed slot radiate omnidirectionally and they are reflected by the rotated slot. Resultantly, the waves radiated from the feed slot meet at feed position again having the round-trip phase difference of π. In this situation, the rotated slot works as a reflector. When the phase difference between two slots is π, the total roundtrip phase would be 2π and the constructive interference happens. In this condition, the rotated slot has the role of a director. Simulation results obtained in simple model with various phase differences shows this phenomenon well, as shown in Figure 10B . To fabricate optical slot YagiUda antennas with good unidirectionality, it is essential to determine the optimal L and D that make the rotated slot a good reflector or director. We can optimize the parameters by calculating the phase difference between the two slots. In single slot antenna, only the x-components of the E-fields are dominant due to the polarization property described in Section 2.1.2. Using the 3D-FDTD simulation, we could calculate the phase of the E x -field in a slot and observe that the phases of the E x -fields are almost uniform in the slot structure because the intensity of the E x -fields are almost uniform in the slot structure, as shown in Figure 10C . Therefore, we could define the phase of the E x -field at the center of the slot as the phase of the entire slot antenna. After calculating the phases of two slots from the E x -fields, the phase difference could be obtained by abstracting two phases. Figure 10D shows the contour map of the phase difference between the two slots calculated while changing the L and D parameters. When the phase difference corresponds to π/2, which is drawn as the red line in Figure 10D , the rotated slot reflects the light transmitted through the unrotated slot because of destructive interference. On the contrary, as the phase difference approaches π, the rotated slot directs the light transmitted through the unrotated slot toward the direction where the rotated slot is located because of constructive interference. To verify the analysis, we also calculated the far-field radiation patterns using near-to-far-field transformation method of the 3D-FDTD simulation while changing the L and D parameters. Figure 10E shows the calculated farfield radiation patterns with each L and D. In Figure 10E , we can see that the far-field radiation patterns are directed toward the right side when the parameters are coincident with the red line in the contour map shown in Figure  10D . This shows that phase analysis is a powerful tool for designing an antenna with directional radiation.
Based on the phase analysis, we chose the rotated slot with 155 nm length and 130 nm distance from the slot as the reflector and the rotated slot with 95 nm length and 130 nm distance from the slot as the director in the fabrication of the optical slot Yagi-Uda antenna. To increase the directionality, we added three rotated directors beside the unrotated feed slot and realized the optical slot YagiUda antenna composed of one feed, one reflector, and three directors on a metal plane with 180 nm thickness using FIB milling. We measured the far-field radiation pattern of the fabricated sample using the set-up shown in Figure 5A . Figure 10F shows the measured result and we can see that the radiation pattern is directed to the right side and well coincident with the calculated patterns shown in Figure 10E . The intensity of the far-field radiation pattern is normalized by its maximum intensity. As a figure of merit for the directionality, we used a front-toback (FB) ratio that is defined as the ratio of the power of the maximal radiation lobe (forward lobe) to the power of the lobe formed on the opposite side (back lobe) [29] . The FB ratio of measured Fourier space image in Figure 10F corresponds to 8.5 [22] . Thus, we fabricated an optical slot Yagi-Uda antenna and showed directionality successfully by adopting the geometry of the Yagi-Uda antenna.
Slot-groove geometry
The optical slot Yagi-Uda antenna with slot-slot geometry has two disadvantages compared to the conventional RF Yagi-Uda antenna. One is that we have to use the polarizer parallel to the tilted-slot direction when measuring the radiation for distinguishing the scattered light from the incident light. The other is the subtle tilting of the farfield radiation pattern direction. As shown in the calculation and measurement of Figure 10 , the direction of the far-field radiation from the slot-slot geometry is slightly rotated from the x-direction, which is the direction of radiation from the single slot antenna, because of the rotated auxiliary slots. To avoid these two problems, we used the slot-groove geometry shown in Figure 11A [24] . This is the antenna version of the slit-groove structure demonstrated in plasmonics [50, [52] [53] [54] [55] [56] [57] [58] . We could avoid the radiation from multielements using the groove structure as the director or reflector because light cannot transmit through the groove structure. Therefore, it is not necessary to rotate the auxiliary elements for antenna feeding; thus, we can avoid the tilting of the far-field radiation patterns.
As in the case of the slot-slot geometry, we calculated the phase difference between the slot and groove structure while changing the length of the groove (L) and the distance from the slot (D) and determined the optimal parameters for good directionality. Figure 11C shows the calculated phase difference between the slot and the groove. As in the slot-slot case, when the phase difference corresponds to π/2, the groove reflects light transmitted through the slot because of destructive interference. Additionally, when the phase difference approaches π, the groove directs light transmitted through the slot toward the direction where the slot is located because of constructive interference. The phase difference of π/2 is drawn as a red line in the contour map of Figure 11C . To verify the reflection of the groove, we also calculated the far-field radiation patterns while changing L and D. We can see in Figure 11D that the far-field radiation patterns are directed toward the right side when the parameters are coincident with the red line shown in Figure 11C . It is worth commenting that the direction of far-field radiation from the slot-groove structure is exactly aligned with the x-direction unlike the case of the slot-slot structure. We chose the groove with 260 nm length and 120 nm distance from the slot as the reflector and the groove structure with 110 nm length and 120 nm distance from the slot as the director based on the calculated maps of the phase difference and far-field radiation. The samples were fabricated by FIB milling on the Ag metal plane with thickness of 300 nm, and the entire structure was composed of a groove reflector, a slot feed, and a groove director. We measured the far-field radiation patterns from the fabricated samples using the set-up for measuring the Fourier space image shown in Figure 5A . Figure 11E shows the measured far-field radiation pattern directed toward the right side, which is exactly similar to the calculated one. The FB ratio of measured Fourier space image in Figure 11E corresponds to 5.57. However, it is worth noting that an FB ratio of 5.57 was obtained from the sample composed of three elements (reflector-feed-director), not five elements (reflector-feed-three directors) as the five-slot Yagi-Uda antenna in the above section. For a direct comparison between slot-slot and slot-groove geometries, we have measured the FB ratio of three-slot Yagi-Uda antenna and it corresponded to 3.08. Thus, we could conclude that the slot-groove geometry showed directionality superior to slot-slot geometry. Additionally, the measured pattern was obtained without the detection polarizer in front of the sample, and we could determine that the directional radiation was fully polarized in the x-direction by measuring the polarization. Because of the lens effect in Fourier space measurement set-up, the intensity of the far-field radiation was concentrated at the edge of the circle. 
Applications of optical slot antennas
In terms of applicability, optical slot antennas have some advantages compared to optical rod antennas. Optical rod antennas should be isolated from other conductor components and passivated by insulating regions because when it is in touch with other plasmonic components made of metal the resonance condition collapses and the antenna fails to work. On the contrary, optical slot antennas are placed on a metal plane; therefore, any plasmonic component can be fabricated easily at any place on the metal plane, except for the area where the optical antenna is located. Therefore, optical slot antennas have high potential for integration and combination with other plasmonic components. Here, we present two integrations of optical slot antenna. One is the integration to metal-insulator-metal (MIM) plasmonic waveguides as passive components and the other is the integration to the electrodes of LEDs as active components. Figure 12A shows the schematics of optical slot antennas integrated to MIM plasmonic waveguides. The sample was fabricated as follows. First, an Ag metal layer was deposited by an evaporator and a long slit for surface plasmon (SP) generation was fabricated by FIB milling. After slit fabrication, a thin dielectric layer with 50 nm thickness was spin coated and then the top Ag metal layer was deposited for slot antenna formation. Optical slot antennas were also fabricated by FIB milling on the top metal plane. When light is incident on the slit made in the bottom metal layer, transverse magnetic SP waveguide modes are formed in the insulator plane of the MIM structure, which propagate toward the direction perpendicular to the slit length [59] . When the propagating SP waveguide modes meet the slot antennas formed in the top metal layer, they radiate from the optical slot antennas to the free space, thereby generating omnidirectional dipole-like patterns. If the optical slot antennas fabricated on the top metal layer are replaced with the optical slot Yagi-Uda antennas, unidirectional radiation with the direction where the slot-groove structure forces light to go can be generated. Figure 12B shows the measured far-field radiation patterns from the fabricated optical slot YagiUda antennas integrated to MIM plasmonic waveguides.
Integration to plasmonic waveguides
We could see that the measured direction of the far-field radiation patterns was changed depending on the orientation of the slot-groove structure.
These waveguide-integrated slot antennas have the possibility of an optical interconnection that transports signals in free space. Many researchers demonstrated that directional optical antennas can work as good receivers collecting signals in the desired direction [6, 60, 61] . Therefore, we can determine the optical interconnection using the optical slot Yagi-Uda antennas integrated to waveguides, as shown in Figure 13A . Huang et al. [62, 63] demonstrated that the slot antennas can radiate polarized and directional emissions in integrated plasmonic nanocircuits. Additionally, we suggest a "plasmonic via," which is the equivalent of an electronic via in nanophotonics [64] . Via is an electrical connection between the layers in a physical electronic circuit that goes through the plane of one or more adjacent layers. In a multilayered structure comprising several stacked MIM plasmonic waveguides, the slot antennas can have the role of a connector between the vertical layers. Especially, with the help of directional radiation from optical slot Yagi-Uda antennas, we can efficiently change the direction of connection between the vertical layers. Figure 13B shows the schematics of the "plasmonic via" using the optical slot Yagi-Uda antennas integrated to MIM plasmonic waveguides and directional connections calculated by the 2D-FDTD method. From the simulation results, we could see that the SP waveguide modes were connected to another layer through the slot antennas and the coupled modes were well directed by the slot-groove structure. This indicates that the optical slot Yagi-Uda antenna integrated to MIM waveguides works as a via, specifically a plasmonic via, in a multilayered structure.
Integration to the electrodes of LEDs
Besides the integration to passive optical components such as waveguides, optical slot antennas can be combined with active devices such as LEDs, as shown in Figure 14A [25] . To integrate optical slot antennas with LEDs, we prepared colloidal quantum dot (CQD) LEDs with top metal n-contact layer and bottom indium tin oxide (ITO) p-contact layer. The fabricated LEDs have electroluminescence (EL) with emission peak of 614 nm wavelength and full-width at half-maximum (FWHM) of approximately 33 nm [65] [66] [67] . In this structure, the top metal layer simultaneously functions as the electrode of the LEDs and the base region, where the optical slot antennas are fabricated. Generally, CQD LEDs mostly use Al metal as the top electrode because it has low work function of approximately 4.24 eV compared to that of the ITO layer used as the bottom electrode, which is approximately 4.5 eV [68] [69] [70] [71] . However, Al metal is very absorptive in the visible range, including 614 nm of red CQD emission peak wavelength, and it is not suitable as the base metal for antenna fabrication [72] . With regard to optical property, Ag metal is a good candidate for base metal of the antenna because of its low absorption coefficient in the visible and NIR regions. Unfortunately, the work function of Ag metal corresponds to approximately 4.74 eV and is larger than that of the ITO bottom electrode. Therefore, carrier injection between the Ag electrode at the top of the LED and the ITO electrode at the bottom of the LED will not be efficient. To use the superior property of Al and Ag metals in the electrical and optical regimes, respectively, we fabricated a multilayer composed of Al with 50 nm thickness and Ag with 240 nm thickness and used it as the top contact electrode and the base metal for antenna fabrication. The entire structure is same as that of CQD LEDs used in the previous reports, except that the top electrode of Al metal is replaced with the multilayer comprising Al metal and Ag metal, as shown in Figure 14B . We operated the fabricated LEDs by supplying the voltage between the two electrodes and obtained the representative currentvoltage curve, intensity-voltage curve, and EL spectra in the same manner as measured for conventional LEDs, as shown in Figure 14C and D [73] [74] [75] [76] .
To confirm the coupling of LED emissions with optical antennas, we measured the transmission spectra and Fourier space images of LED emissions. The measured spectra of the LED emissions without antennas showed Gaussian forms with peak wavelength of 614 nm and FWHM of 33 nm, as shown in Figure 14D . On the contrary, we could see that the peak wavelength of the LED emissions with antenna-integrated electrodes changed from 614 to 600 nm due to the strong resonance of the optical slot antenna. From the linear relation between resonance wavelength and antenna length, we could guess that the effective length of the slot antenna engraved on the top metal electrode corresponds to approximately 172 nm because of trapezoidal milling in the FIB method. The peak change in the measured spectrum proves that the LED emissions were well coupled with the resonance of the slot antenna. Additionally, we could observe in Figure 15A and B that the emissions from the LEDs with antenna-integrated electrodes were polarized in the direction perpendicular to the antenna length by measuring the EL spectra with a polarizer placed in front of the samples. As proven in Section 2.1.2, optical slot antennas transmit only light with polarization perpendicular to their lengths. The polarized emissions from the LEDs with antenna are another proof that EL of LEDs with antenna is well coupled with slot antenna fabricated on the top metal electrode. To determine the far-field radiation patterns of LED emissions, we executed Fourier space imaging experiments already presented in Section 2.1.3. For a direct comparison of modification by antenna, we have measured a Fourier space image of emission from LED without antenna before measuring the EL from antenna-integrated LED. Figure 15C shows a typical Lambertian emission of LED as we expected. On the contrary, the measured Fourier space images of emissions from LEDs with single slot antenna showed omnidirectional dipole-like radiation patterns, whereas the emissions from LEDs with slot-groove antenna were unidirectional and directed to the opposite side where the grooves were located, as shown in Figure 15D and E. Apart from the polarized spectra, these measurements clearly showed that LED emissions were coupled to optical slot antennas and they re-radiated forming omnidirectional or unidirectional patterns depending on the structure of the antenna. From the above-mentioned results, we could know that emissions from LEDs with antenna-integrated electrodes were changed by three properties compared to emissions from LEDs without antenna. These properties are resonance, polarization, and far-field radiation patterns that originate from the properties of optical slot antennas. We expect that antenna-integrated LEDs can be promising optical sources in 3D display panels or holography that requires polarized light and well-controlled beam direction for the future.
Conclusions and perspectives
In conclusion, we presented experimental results that showed that metallic nanoslots have the properties of resonance, polarization, and dipole-like far-field radiation patterns by measuring transmission spectra and Fourier space imaging. From these results, we conclude that metallic nanoslots can be regarded as slot antennas in the optical frequency. Based on Babinet's principle that E-fields and H-fields in complementary structures replace each other, we concluded that optical slot antennas could be physically regarded as magnetic dipoles, and the intensity of tangential H-fields are higher by 1/ | ε(λ) | than those of E-fields inside the slot structure. Additionally, we fabricated optical slot Yagi-Uda antennas with directional radiation by adopting the geometry of RF YagiUda antenna. By analyzing the phase difference between two components, we could identify that interference plays an important role in ensuring directionality and realizing optimal structures with good directionality. Compared to optical rod antennas, slot antennas have the advantage of easy integration to other plasmonic or photonic components. To prove these possibilities, we presented experimental results of integrating optical slot antennas with MIM plasmonic waveguides and with the electrodes of LEDs. In slot antenna integrated to plasmonic waveguides, we showed that the propagating SP waveguide modes are well coupled with the slot antennas and the direction of radiations from the slot antennas is well controlled by the orientation of the Yagi-Uda slot antennas. We also suggested that slot antennas integrated to waveguides have the possibilities of optical interconnection in free space and as plasmonic via in multilayered photonic circuits. As another application, we showed experimentally that slot antennas integrated to the electrodes of LEDs could make the LED emissions linearly polarized and directed in nanometer scales. Based on these results, we expect that optical slot antennas will be integrated further with various photonic devices and play an important role in integrated nanocircuits in the future.
Despite the experimental results and applications presented here, optical slot antennas have some problems that need to be solved. The low coupling efficiency of optical antennas is the most important of these problems. Due to size in nanometer scale and metallic ohmic loss, optical plasmonic antennas have low efficiency in interaction with preexisting light. To avoid this problem, many researchers suggested and demonstrated dielectric optical antennas made of dielectric materials instead of metals and demonstrated their applications to photonic devices [77] [78] [79] [80] . Recently, dielectric metasurfaces, which change the amplitudes, polarizations, and wave vectors of light at the interfaces in nanometer scales and are composed of dielectric antenna arrays with different parameters or orientations, showed efficiencies of approximately 80% in hologram imaging and visible metalens [81] [82] [83] [84] [85] . Another important problem to be solved in optical antennas is the active tuning of resonant frequency during device operations. To change the frequency of optical antennas, several approaches, including carrier density modulation in high doping dielectrics [86, 87] , usage of phase change materials [88] [89] [90] and liquids crystals [91, 92] , and work function modulation of 2D materials [93, 94] , have been suggested and investigated by many research teams. As in the case of rod antennas, if various methods for solving the problems in optical antennas, including dielectric antennas and tuning ability, are addressed in optical slot antennas, we expect that optical slot antennas will have more possibilities for practical applications and will become an essential and important element in several fields of nanophotonics.
